The Asian date mussel (Arcuatula senhousia) dominates macrobenthic communities on the Midori River tidal flats on the island of Kyushu, the southernmost of Japan s main islands. They form dense patches and create mats on the sediment surface. We conducted field surveys between May 2014 and April 2015 to assess the vertical distribution of sedimentary conditions (depth 0-12 cm) and determined the seasonal variation in density, biomass, and secondary production of A. senhousia on the tidal flats. Arcuatula senhousia density and biomass reached a maximum of 80,800 individuals per square meter (ind. m ). Thus, this study clearly indicates that accumulated sedimentary nitrogen within the byssus layer plays a considerable role in nutrient cycling in the Midori River tidal flats.
Introduction
Suspension-feeding bivalves are key players in organic nutrient cycling in coastal regions (Dame 2011) . They consume a substantial amount of organic matter that is photosynthetically produced by primary producers, such as phytoplankton; excrete inorganic nutrients and feces containing undigested organic matter; and accelerate the deposition of organic matter onto the sea floor. For example, Haven & Morales-Alamo (1972) reported 77%-91% and 4%-12% inorganic matter and organic matter, respectively, in the biodeposits by the eastern oyster (Crassostrea virginica Gmelin), respectively. Jordan & Valiela (1982) demonstrated that ribbed mussel (Geukensia demissa Dillwyn) populations play a major role in the nitrogen budget by filtrating 1.8 times the particulate nitrogen exported from marshlands and through biodeposition (i.e., deposition of nitrogen as feces and pseudo-feces), and a high level of the nitrogen content is filtered and absorbed by mussels in a salt marsh ecosystem.
In this study, we focused on the impact of mussel (Mytilidae spp.) feeding activities on nutrient cycling in coastal areas. These suspension-feeding bivalves often form dense patches in various coastal environments, and include Mediterranean mussels (Mytilus galloprovincialis Lamarck) in shallow subtidal waters (973-1,695 ind. m ; Asmus 1987). These dense patches occur when each individual bands with a neighbor by excreting byssus threads onto the sea floor, and these patches often accompany accelerated deposition of fine suspended particles within their assemblage (Morton 1974; Ito & Kajihara 1981b) . The total amount of organic matter stored in their habitat substrate through their direct and/or indirect feeding activities seems to far exceed their own biomass (Miura et al. 2002) .
In the Midori River tidal flats in Kumamoto, Kyushu, ; Takenaka et al. 2016) . A. senhousia is now well known as an ecosystem engineer (sensu Jones et al. 1994) and an invasive foreign species in countries such as Europe, North America, Australia, and New Zealand (Sousa et al. 2009 ). Invasion by A. senhousia changes the ecosystem dynamics. For example, Crooks (1998) reported an increase in the number of tanaid, gastropod, insect larvae, amphipod, and other benthic species by the new habitat provided by A. senhousia. Furthermore, A. senhousia creates wide muddy carpets on the surface of sandy substrates (Tsutsumi et al. 2013) .
Arcuatula senhousia populations create a dense carpetlike patch (called a mat), which is attached to the seafloor by their byssus and covers the sediment surface (Morton 1974) . The silt-clay content (diameter, <63 µm) of the mat can increase 11.5% compared with <1% in the outside surrounding area . Ito & Kajihara (1981a) found that sites covered with mats have a mean total sulfide content of 1.1 mg g , at most. Thus, we think that these mats are important sink for organic matter. However, no reports have quantified the amount of accumulated organic matter in a mat. For this, information on mat depth is required, but definitions and methods have not been clearly reported. Identifying the sediment layer influenced by A. senhousia would be difficult without a sediment tracer.
In this study, we conducted field surveys to describe seasonal fluctuations of population density, biomass, and secondary production of A. senhousia populations, their vertical distribution (0-12 cm; density and byssus), and sediment properties (silt-clay content and nitrogen content) on the Midori River tidal flats, Ariake Bay, Kyushu, Japan, between May 2014 and April 2015. The study focused on nitrogen, because phytoplankton production in Ariake Bay near the Midori River tidal flats is limited by nitrogen (Kawaguchi et al. 2004) . We estimated the standing stock of nitrogen of A. senhousia as forms of biomass and sedimentary nitrogen within the mat, using the byssus as a tracer. We hypothesize that A. senhousia byssus is an important tracer for mat depth. In this study, we aimed to quantify the accumulated organic matter within the mat and to discuss the role of mussel mats in nutrient cycling in the Midori River tidal flats.
Materials and Methods

Study area
The Midori River tidal flats are located along the east coast of Ariake Bay on the Japanese island of Kyushu (Fig.  1) , and they cover an area of approximately 2,200 ha. During the study period, from May 2014 to April 2015, the tidal range at the observatory at the Kumamoto Port was between 78 and 491 cm (Japan Meteorological Agency 2016). Yamaguchi et al. (2004) reported that the middle-to-lower part of this study area is nearly homogeneous sandy sediment. We set up two stations on the tidal flats: St. F, which was dominated by Arcuatula senhousia and St. R, which had no A. senhousia and was located approximately 1 km away from St. F.
Sampling procedure
We conducted 11 field surveys of sedimentary environmental conditions and seasonal variations of A. senhousia at the two stations from May 2014 to April 2015. For each field survey, we collected five samples of macrobenthic organisms using a handheld steel core sampler (10 10 5 cm) and sifted the samples through a 1 mm mesh sieve. Residues retained on the sieve were added to a plastic bag. To examine the relationship between shell length and DW of A. senhousia soft tissue, we collected approximately 40 specimens during each sampling occasion from May 2014 to January 2015 (for a total of 435 individuals). We also collected a few living individuals to For the analysis of sedimentary environmental conditions at St. F (measuring vertical distribution of A. senhousia, byssus weight, and silt-clay content and nitrogen content), we collected sediment samples to a depth of 12 cm using a 7.6-cm-diameter cylindrical core sampler. Sediment samples were cut every 1 cm down to 6 cm and then every 2 cm down to 12 cm. Samples were placed in plastic bags, which were then kept in a cooler. At St. R, we collected sediment samples only in December 2014.
Sample treatment
The samples of macrobenthic organisms were stained using 10% formalin and Rose Bengal solution and cleaned using a 1 mm mesh sieve. The macrobenthic organisms were sorted from the residue, the number of individuals of each species was counted using a stereoscopic microscope, and the wet weight of each species was recorded. Shell length of each A. senhousia individual was measured to the nearest 0.01 mm using a digital caliper, and that of dead shells with both shells present was also measured.
To determine the relationship between shell length and DW of A. senhousia soft tissue, living samples were kept in filtered seawater for one day to allow them to pass their stomach contents. Shell length of all specimens was measured, and the soft tissue was removed from the shells and dried at 55°C over 24 h and weighed. The relationship between shell length and dry weight was (all symbols and units are given in Table 1 
where DW is the dry weight of soft tissue (g) and SL is shell length (mm).
To measure the nitrogen content of A. senhousia soft tissue, samples were freeze-dried and ground to powder, and nitrogen content was measured using an elemental analyzer (ThermoQuest, NC2500). To estimate the standing stock of nitrogen of the A. senhousia population, the individual dry tissue weight was multiplied by the nitrogen content of the soft tissue (13.6%) and species density.
To ascertain the physicochemical properties of the sediment, approximately 10 g of sediment was packed in a tube and freeze-dried. Arcuatula senhousia byssus threads were removed using tweezers and this byssus-free sediment was ground to a powder, treated with 2 N HCl to remove carbonates, and nitrogen content was measured using the elemental analyzer. The removed byssus threads were used to measure the byssus nitrogen content using the same method as that used to measure the nitrogen content of soft tissue.
The wet sieving method was used to determine the siltclay (finer than 63 µm in diameter) content of the remaining sediment samples. To determine the vertical distribution of A. senhousia, sediment was sieved through a 1-mm mesh and the byssus threads were collected. Byssus attachments on the 0.5-2.0-mm sieve were removed using tweezers and placed in a beaker with water. These were then placed in a plastic case after the sediment particles were removed, dried at 55°C for at least 24 h, and weighed. To estimate the standing stock of byssus nitrogen, byssus DW was multiplied by byssus nitrogen content per unit DW (3.2%).
Data analysis
Ito & Kajihara (1981b) divided muddy mats into two layers: the upper layer inhabited by A. senhousia and the lower layer formed by tangled byssuses, which were named the shell and byssus layers, respectively. In this study, when byssus weight was >10 mgDW in a layer (45.3 cm 3 ; 3.8 3.8 π cm 2 depth 1 cm) of the sediment samples, that layer was defined as the byssus layer. Layers in which byssus weight was <10 mgDW were defined as non-byssus layers.
To determine the standing stock of nitrogen within the ). (4) The standing stock of nitrogen of the entire byssus layer (S) for every sampling day was measured using the following equation:
where S is the integrated standing stock of nitrogen of the entire byssus layer (g N m ), and I is the number of byssus layers.
The rate of change of nitrogen contents per day was calculated to compare with the excretion of A. senhousia. The following equation was used to calculate the change rate (C; g N m
) of the nitrogen-based A. senhousia biomass and sedimentary nitrogen within the byssus layer:
where M is the nitrogen standing stock (g N m
), Date is the sampling day, and t is the number of sample times. Secondary production of the A. senhousia population was estimated using the following equation (c.f. Takenaka et al. 2016) :
where P is the secondary production of A. senhousia population per day (g N m
), and B is the average weight of soft tissue for all individuals (g N ind.
−1
). Figure 2 shows the seasonal variation in (a) population density and (b) biomass, including shell weight, of Arcuatula senhousia at St. F and St. R. At St. R, A. senhousia individuals were not present throughout the study period, whereas at St. F, the density of A. senhousia was 42,000 ind. m Seasonal variation in the integrated standing stock of nitrogen of A. senhousia, byssus, and sedimentary nitrogen within the byssus layer are shown in Fig. 6(a) . The integrated standing stock of sedimentary nitrogen of the byssus layer accounted for 37.3%-96.3% of the total standing stock of nitrogen including A. senhousia, byssus, and sedimentary nitrogen, and it increased from 16.1 g N m . From May to November, the total rate of change of sedimentary nitrogen within the byssus layer was 150.7 g N m −2 7 months −1
Results
.
Discussion
In this study, the population density of Arcuatula senhousia was approximately four times higher in September than in August [ Fig. 2(a) ]. The density growth was assumed to be due to the settlement of a new cohort in August 2014 that had a mean shell length of 5.0±1.1 mm (Fig. 3) . In the same area, A. senhousia recruitment occurs in the summer Ishii et al. 2001) , and it is reasonable to confirm that cohort (2) in this study was the new early summer settlement. As a reason of the density difference between August and September, the new recruitment had occurred at the tidal flats area in summer, but it is thought that we conducted field survey in the minor spot that not have much density in August.
Thereafter, the density of A. senhousia declined. Hosozawa et al. (2015) summarized the following causes of A. senhousia mortality: decrease in salinity due to hard precipitating water and flush by typhoon, occurrence of hypoxic water in the summer, predation by ducks from winter to spring, and physical disturbances, such as waves caused by typhoons in Japan. The causes of mortality seemed to be physical forces rather than the predation by birds in this study area (Tsutsumi et al. 2013) . In this study, the population most likely declined because of physical disturbance by waves in the winter. It is known that disturbance by wave exposure affects mussels (e.g., Harger 1970; Grant 1977) . We divided the study period into a growth period (May-November, 7 months) and a decline period (December-April; 5 months).
The silt-clay content and nitrogen content reached their highest values in the subsurface (3-5 cm) in October [Fig. 5(c, d) ]. This was because in the summer, cohort (2) created a new mat on the top of the mat that was made by cohort (1), and the excrement and/or silt-clay content and nitrogen content began to accumulate below the new mat. The old mat was pushed down to deeper sediment layers and the soft body of A. senhousia remained in the subsurface. Thus, the byssus threads of cohorts (1) and (2) were mixed and could not be separated. ).
Accumulated muddy sediments are swept away by tidal currents when A. senhousia die (Creese et al. 1997) . In this study, the byssus and the silt-clay content and nitrogen content within the byssus layer decreased after the decline in A. senhousia biomass in December (Fig. 2) . Further, the rate of change of A. senhousia biomass and sedimentary nitrogen within the byssus layer seemed to run out over a period of approximately 4 months [ Fig. 6(b) ]. The decrease in sedimentary nitrogen in the byssus layer may be related to the destruction of the mat due to strong winds that can reach 5.5 cm s −1 (average daily wind speed) during winter (December and January; Japan Meteorological Agency 2016). On sandy tidal flats, the sediment surface is swept away by the flow of seawater and estuarine water, and the organic content in the sediment seems to be maintained at low levels. As A. senhousia begin to settle on the surface and grow throughout summer and fall, they accumulate sedimentary organic matter as the mat forms. As the A. senhousia abundance declines, the accumulated organic matter flows out along with their mat. Therefore, this study clearly indicates that the accumulation and release of organic matter within A. senhousia mats play major roles in nutrient cycling in the sandy tidal flats ecosystem, and that these mussels can change the equilibrium state of sandy tidal flats throughout their life cycle. 
